Multi-step laser resonance ionization spectroscopy of lutetium (Lu) has been performed at TRI-UMF's off-line laser ion source test stand. The even-parity Rydberg series 6s 2 nd 2 D 3/2 , 6s 2 nd 2 D 5/2 and 6s 2 ns 2 S 1/2 were observed converging to the 6s 2 ionization potential. The experimental results has been compared to previous work. 51 levels of Rydberg series 6s 2 nd 2 D 5/2 and 52 levels of Rydberg series 6s 2 ns 2 S 1/2 were reported new. Additionally six even-parity autoionization (AI) series converging to Lu ionic states 5d6s 3 D1 and 5d6s 3 D2 were observed. The level energies of these AI states were measured. The configurations of the AI states were assigned by relativistic multichannel theory (RMCT) within the framework of multichannel quantum defect theory (MQDT).
I. INTRODUCTION
The need for spectroscopic data of rare earth (RE) elements has been increasing in recent years due to a large number of RE lines observed in stellar spectra from both ground and space based observations, especially in chemically peculiar stars. However due to the complex electronic configuration and dense spectrum, detailed spectroscopic information of most RE elements is not available. As the last element in the lanthanide group lutetium (Lu) has a fully filled 4f shell and therefore has a rather simple spectrum compared to most other lanthanides. The first investigation of the Lu optical spectrum was made by Meggers and Scribner in 1930 through the emission spectra in arc and sparks [1] . Soon after King determined the classification of 108 Lu lines by controlling the temperature of the electric furnace [2] . Using this data, Klinkenberg identified the most important electron configuration in Lu and established the general framework of its low-lying energy levels [3] . Since then a wide frequency range of the Lu spectrum has been studied through traditional absorption spectroscopy via a variety of grating and Fourier transform spectrometers [4] - [8] . Camus and Tomkins in 1972 observed the first six series of Rydberg states converging to the ionization potential (IP). Based on this data they determined the IP of Lu as 43762.39(10) cm −1 [7] . The advent of laser technology started a wide application of laser Resonance Ionization Spectroscopy (RIS) in studying atomic structure, especially Rydberg and autoionizing states. First observations of the uranium Rydberg series via RIS were reported by Solarz et al. [9] in 1976. They soon afterward extended the technique to * ruohong@triumf.ca † zpzhong@ucas.ac.cn lanthanides and determined the IP of most lanthanides by laser spectroscopy [10] . In 1989 Maeda et al. [11] eventually employed RIS to study the even Rydberg series of Lu I. Four Rydberg series 6s 2 ns 2 S 1/2 , 6s 2 nd 2 D 3/2,5/2 and 6s 2 ng 2 G 9/2 were observed and the IP was determined as 43762.60(10) cm −1 , which is still quoted as the most reliable and precise value. Vidolova-Angelova et al. [12] investigated radiative lifetimes of the 6s 2 nd 2 D 3/2 series. A number of studies on even-parity AI states of Lu by RIS were also made [13] - [16] . However due to the complexity of AI spectra, the configurations of all those reported states were not assigned and the total angular momentum J values of most states remained undetermined.
TRIUMF applies the RIS technique to deliver isobarsuppressed radioactive ion beams to various nuclear physics experiments [17] . An off-line Laser Ion Source test stand (LIS STAND) has been built to develop optimal laser ionization schemes for on-line exotic isotope beam delivery [18] . The investigation of atomic structure of the elements under study is part of this development work. RIS studies on atomic structures of Ga, Ca, Al, Sc, Cd, Y and Sb have been performed at LIS stand in recent years [19] - [22] . In this work, we applied RIS to study the even-parity Rydberg series of Lu 6s 2 nd 2 D 3/2 , 6s 2 nd 2 D 5/2 and 6s 2 ns 2 S 1/2 , which converge to the IP. The results are compared with the literature and the level energies of 104 new states are reported. Furthermore six new even-parity AI series converging to Lu ionic states 5d6s
3 D 1 and 5d6s 3 D 2 are reported. The assignment of the configuration of these AI states has been attempted with the aid of RMCT theoretical calculations [23] [24] [25] [26] [27] [28] [29] .
II. EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 1 . Three Ti:Sa lasers were employed in this experiment: two gratingtuned and one birefringent-filter-tuned, all pumped by a 50 W 10 kHz pulsed frequency doubled Nd:YAG laser. The Ti:Sa lasers have a typical output power of 1-2 W and linewidth of 1-8 GHz dependent on laser optics, power and wavelength. According to the excitation scheme requirement, the accessible wavelength range could be extended via frequency conversion by employing nonlinear crystals, typically β-barium borate (BaB 2 O 4 ) or bismuth borate (BiB 3 O 6 ) crystals. The laser power after frequency doubling was typically 200-400 mW. The continuously-tunable grating Ti:Sa lasers provided an efficient tool to study atomic structures with the photon energy range of 11000-14000 cm −1 [30] . With automated phase matching of a BBO crystal, a continuous scan across the photon energy range of 22300-28200 cm A standard solution (Alfa Aesar Specpure, 1 µg/µl Lu 2 O 3 in 5% HNO 3 solution) was loaded on a piece of Zr foil. The foil was then dried in an oven at 110
• C, and afterward folded into a small pierce and inserted into a Ta crucible. Lu atomic vapor was generated as the crucible as being resistively heated up to 1500
• C inside the vacuum chamber operated at ∼5×10 −6 Torr. Irradiated by the photons from multiple laser beams, Lu atoms were stepwise excited to high lying Rydberg states and autoionization states. Although having energies below the IP, highly excited Rydberg atoms turned out to ionize due to ambient thermal photons, external electric field or thermal collisions. The generated Lu ions will be guided through a RFQ ion guide and then be extracted and accelerated to 10 keV. This combination of laser ion source (LIS) and RFQ ion guide was named as IG-LIS [31] - [32] . After electrical focusing, the ion beam is deflected 90
• into a vertically oriented detection system. The detection system consists of a deceleration optics and a quadruple mass spectrometer (EXTREL-QMS MAX300) with an electron multiplier for charged particle detection. A detailed description of the LIS stand can be found in [18] .
III. EXPERIMENTAL PROCEDURE AND SPECTROSCOPY RESULTS OF LUTETIUM
To access different energy regions, a variety of excitation and ionization schemes were chosen (all the wavelengths shown in this paper are the values in air):
356.785 nm
337.650 nm
Using these schemes, three series of even-parity Rydberg states and six series of even-parity AI Rydberg states were observed and measured.
A. Low energy states via scheme A Neutral Lu was excited from the ground state 5d6s 2 2 D 3/2 to the excited state of 5d6s6p 2 F
• 5/2 in scheme A. The excitation laser at 356.785 nm was provided by the frequency-doubled BRF-tuned Ti:Sa laser. The atoms were further excited by a grating-tuned Ti:Sa laser, which allows excitation of Lu atoms to the energy range of 38800-42200 cm −1 . To finally ionize the excited atoms, a 4.8 W 532 nm Nd:YVO 4 laser was employed for nonresonant ionization. The scan was done at a resolution of ∼2 GHz/step. Eleven resonances were observed for the second excitation step, as shown in Fig. 2 .
To precisely determine the energies of the resonant levels, fine scans across each resonance were performed with a increased resolution of ∼0.2 GHz/step. To eliminate level energy shift in the measurement due to the time delay between the wavelength reading and the ion counting, the scan speed was kept at two data points per second. The measurements at this scan speed showed no systematic shift in central energies of resonances as a function of scan direction. Each resonance was scanned 3-5 times to determine the resonance center energy. The statistical error of the measured level energies is within 0.02 cm −1 . Three observed resonances have the known upper levels, which were measured by Camus et al. in 1972 via absorption spectroscopy [7] and complied into the NIST atomic spectroscopy database (ASD) [33] . For these levels, their energies measured in this work agree well with Camus's values within uncertainty (Tab. I). 
B. Even-parity Rydberg states via scheme B1
To search for higher resonant states, a different first excitation step was used (scheme B1): the BRF laser operated at 337.650 nm was applied to excite Lu atoms from the ground states to the excited state 5d6s6p
of 29608.01 cm −1 . Similar to scheme A the second excitation step was provided by the grating-tuned Ti:Sa laser, which can be continuously tuned over 3000 cm −1 in the infrared. It allowed the access to the energy range of 40890 -43870 cm −1 , which covers the energy region of Lu from Rydberg states, the IP to AI states. The scans were done at ∼2 GHz/step. Fig. 3 shows a part of the Rydberg spectrum close to the IP. Some observed levels can be easily grouped due to the regularity in the line intensity approaching the IP. However the ambiguity in assignment comes up at low energy end. For clearer classification a Fano plot is used with δmod1 versus n (Fig. 4) . Here δ is the quantum defect and n is the principal quantum number. In the plot the measured levels visually group into three series with δmod1 = 0.88, 0.79 and 0.53, which correspond to Rydberg series of 6s
2 nd 2 D 5/2 and 6s 2 ns 2 S 1/2 respectively. The quantum defect values of those series agree with the reported work of Maeda et al. [11] . The identification of low energy members of nd 2 D 3/2 series was assisted by the listed atomic levels in NIST database, which refers to the measurement of Camus et al. [7] . The comparisons of this work to Camus's work are presented in both Fig. 4 -a and Tab II-IV. We also did RMCT calculation for these Rydberg series for comparison. The details of the calculation are given in Sect. IV. Two low energy members of the ns 2 S 1/2 series were measured by adding the 532 nm laser for nonresonant ionization (Tab. IV footnote). And three low energy states nd 2 D 3/2 n=9-11 were measured via scheme A. To our knowledge, there hasn't yet been any report on the level energies of the 6s 2 nd 2 D 5/2 series for n=17-68 and 6s 2 ns 2 S 1/2 series for n=15-66. Maeda et al. measured these three series in 1989 [11] . In their published paper, only the determined IP value was reported, but no detailed information about the level energies. The level energies measured in this work are shown in Tab. II, III, IV for 6s 2 nd 2 D 3/2 , 6s 2 nd 2 D 5/2 and 6s 2 ns 2 S 1/2 respectively with the corresponding principal quantum number n and the quantum defect δ. The resonance peaks were scanned at least two times. The peaks at the main Rydberg region (n=20-60) were scanned up to six times. The statistical error of the measured level energies is about 0.15 cm −1 , which includes the uncertainties from the data acquisition delay (estimated by doing the multiple scans in dual directions) and the frequency drift of the first excitation step off the resonance center.
From both the tables and Fig. 4 -a, one can see that the quantum defect of the 6s 2 ns 2 S 1/2 series shows better independence on n in the range of n=15-52 compared to other two series, which makes it a better candidate to extracted the IP using the Rydberg-Ritz formula
where E n is the level energy, IP is the ionization potential, R Lu is the mass-reduced Rydberg constant for Lu, n is the principal quantum number and δ is the quantum defect. Since there is no obvious n-dependence of δ for n=15-52, δ is treated as a constant in the fitting. The extracted IP value is 43762.52(10) cm −1 , which agrees with Maeda's previous measurement 43762.60(10) cm −1 [11] . The value of δ is 4.5315 (6) . The uncertainty is the statistical error of the fitted values from six individual scans. An example of the fitted curve and statistics of the residual is shown in Fig 4-b. With their energies below the IP, the Rydberg atoms were eventually ionized by collisions, ambient thermal photons and/or electrical fields. The ionization probability increases as the Rydberg state energies approach the IP. This trend can be readily seen in the intensity distribution of the ion signal at the low energy side of Fig. 3 . However when Rydberg state energies further approach to the IP, the ion signal start to drop. This is due to the rapid decrease in the photo-excitation probability to Rydberg states, which scales as n * −3 [34] . A significant abnormality shows around 52d 2 D 5/2 and 54s 2 S 1/2 , where the ion signal dramatically increases and forms a sharp peak on the ion intensity envelope (marked with a blue ⋆ and P1 in Fig. 3 ). This normally implies perturbations. The same perturbation was also observed in Maeda's work [11] and further investigated by microwave spectroscopy [35] . It was well explained as an Fano interference effect between a doubly excited valence state and a Rydberg series.
The interference between a valence state and the continuum is known to cause the typical Fano profiles for AI states. The profile can be described by the Fano formula provided only two channels are involved:
E res is the AI resonance energy and Γ is the natural width of the resonance. I cont is the ion signal generated by the interaction with the continuum. The width of the profile Γ is proportional (by a factor of 2π) to the strength of the configuration interaction between the valence state and the continuum, and πq 2 /2 is the ratio of the transition probability to the AI resonance and to the continuum in an energy band Γ [36] . This Fano profile is obviously visible in the AI resonance at 43831.6 cm −1 (labeled as AI in Fig. 3 ), which has been reported by several works previously [13] - [15] . The relatively broad linewidth of the state indicates rapid autoionization through strong interaction with the continuum. Meanwhile for this AI state, |q|≫1, which shows a bigger transition probability from the intermediate excited state to the valence states compared to the continuum. The same theory can be applied to explain the abnormalities on the ion line intensity of Rydberg series caused by perturber states, when treating the Rydberg series as a quasi-continuum. The perturbation at 54s 2 S 1/2 was determined to be very weak in Maeda's work [11] , which is also conspicuous in our data as a very localized change in the ion intensity (at P1 in Fig. 3 ) in and very small deviation in the quantum defect of the Rydberg series in the vicinity of the perturber. The difference between our and Maeda's experimental observations is that we observed a high ion intensity peak around the perturbation in contrary to an intensity dip observed by Maeda. It most likely came from the delayed ionization (of a few µs) applied in Maeda's experiment. Due to the admixture of the valence state, the radiative lifetime of the perturbed Rydberg state 54s 2 S 1/2 is significantly decreased, which increases the photoexcitation rate to this state. In our experiment, it increased the laser excitation efficiency. However in Maeda's experiment, this lifetimereduced state most likely could not survive until the arriving of the electric-field pulse for ionization detection.
Another fact to consider is that in our work the core configuration of the intermediate state 5d6s6p
is different from that of the Rydberg states converging to the IP 6s 2 1 S 0 . It is reasonable to suspect that the perturber state is a low energy member of a series converging to one of the Lu + 5d6s ionic states. Due to the same core configuration with respect to the intermediate state, the transition probability from the intermediate state to this perturber state shall be much higher than that to the Rydberg series. Therefore the absolute value of the Fano profile parameter q is much higher than 1, which makes the interference feature appears as a Lorentzian.
Contrary to the localized and Lorentzian profile at P1, a broad interference feature of q∼-1 appears around 21d 2 D 5/2 , which shows significant interaction with multiple numbers of the Rydberg series. The perturber state here shall has a photoexcitation rate from the intermediate state comparable to that from the Rydberg series it interacts with. Since it interacts with nd 2 D 5/2 series, the perturber state shall have the same total angular momen- tum number of J=5/2. Unlike the perturber at P1 which is very close in energy to a perturbed state, this perturber can be easily resolved at 43437.36 cm −1 (marked as a blue ⋆ and P2 in Fig. 3 ). Due to this big energy difference from the perturber, the quantum defect of nd 2 D 5/2 series does not show any significant deviation in the vicinity of the perturber state.
FIG. 5.
a) AI spectrum approaching the limit 5d6s 3 D1 = 55558.8 cm −1 . b) δmod1 v.s. serial number (n * +δmod1) for three observed AI Rydberg series. The levels are unassigned for the serial number range 32-35 due to the strong perturbation at the energy around 55450 cm −1 .
C. Even-parity AI Rydberg states via scheme B2
With scheme B1, we could only access the energy region close to the IP. To study more AI states, scheme B2 was applied. The first excitation step of scheme B2 is identical to that of scheme B1. But the second excitation step was provided by a frequency doubled Ti:Sa laser. The automated phase matching of the BBO crystal with the wavelength of the grating Ti:Sa laser allows a continuous frequency scan on the second harmonic of the laser photons. With this scheme, the even-parity AI states in the energy range of 51900 -57800 cm −1 with possible transitions from 5d6s6p 2 D
• 3/2 were studied. respectively. The relatively low energy of these ionic states gives rise to a rich AI spectrum in region we scanned. In total 340 AI states were observed. Although most of them cannot be classified due to the complexity, six clear AI Rydberg series was clearly observed: three converging to the Lu + 5d6s 3 D 1 state and three converging to the Lu + 5d6s 3 D 2 state. The spectra and the corresponding Fano plots are shown in Fig. 5, 6 .
In the Fano plots the serial number is used as defined as n * +δmod1 due to the difficulty in determining the principal number of the AI levels. For the AI states approaching the first ionic state 5d6s 3 D 1 , the series 1 and 3 have linewidths scaling with n * −3 for the serial number 19-30. For higher members, the observed linewidth stays essentially constant around 0.25 cm −1 . The main contribution is from the laser linewidth (∼7 GHz after frequency doubling). Only series 2 does not show any pronounced change of the linewidth (0.25±0.10 cm −1 ) across the energy range investigated. Most likely series 2 has a linewidth smaller than our experimental resolution in the investigated range. All three series show significant perturbation around the energy 55450 cm −1 , which is evident as a broad line intensity dip in Fig. 5 -a and as a rapid variation of the quantum defect in Fig. 5-b (serial  number=32-35 ). Another strong perturbation happens around 55350 cm −1 , where the visible regularity ends. (Fig. 6 ). Three series are distinctive for serial numbers ≥23. The linewidth of these AI states are larger than those of the AI states approaching the first ionic state. This is in part due to the increased laser linewidth (∼14 GHz after frequency doubling) in this wavelength range. The linewidth decrease with n * −3 for serial number 23-30 in series 2 and start to approach the laser resolution ∼0.45 cm −1 after that. For series 1 and 3, the linewidths stay constant at 0.45±0.15 cm −1 , which implies their linewidths well below the laser resolution.
IV. RELATIVISTIC MULTICHANNEL THEORY (RMCT) CALCULATIONS
To clearly classify energy levels and better understand the observed experimental spectra, we have performed theoretical calculations on Lu using relativistic multichannel theory (RMCT) within the framework of multichannel quantum defect theory (MQDT) [37] [38] [39] [40] [41] [42] [43] [44] . In MQDT the wavefunction of a discrete state in a Coulomb potential (such as Rydberg states) can be described as a superposition of the wavefunctions of a group of dissociation channels. The coefficients of the superposition depend on the interactions between the channels, which are characterized by a set of physical MQDT parameters (µ α , U iα ). Both the discrete states near a threshold and the adjacent continuum can be treated in an unified manner with the MQDT parameters, which makes it well suitable to analyze Rydberg and AI states.
For a small number of channels, the MQDT parameters can be semiempirically obtained by fitting spectroscopic data. However with the increasing number of the channels involved, this method is hampered by complicated and laborious numerical fitting with too many parameters and the need of complete spectroscopic data. Another approach is to calculate the MQDT parameters directly from first principles with relativistic multichannel theory (RMCT) [23] [24] [25] [26] [27] [28] [29] , which can be regarded as an extension of the traditional configuration interaction (CI) method by including the continuum. It has been successfully employed to calculate the Rydberg and autoionization Rydberg spectrum of scandium with three valence electrons. The calculated spectrum was in general agreement with the experimental spectrum as a whole, and the Rydberg states and autoionization states were assigned through comparing the calculated eigenchannel spectrum with the experimental spectra [45] .
In this work, the MQDT parameters are calculated by RMCT firstly at some chosen energy points in the energy range investigated. Because the MQDT parameters (µ α ,U iα ) are smoothly energy dependent within the neighborhood of ionization limits [39] , the MQDT parameters at any energy can be easily obtained using interpolation or extrapolation. The experimental spectrum of Lu was obtained via the intermediate state 5d6s6p( 1 D) 2 D
• 3/2 , therefore the channels in J π = (1/2) + , (3/2) + , (5/2) + symmetry should be considered in the calculations based on the selection rules. The dissociation channels included in the RMCT calculation are listed in Tab. VII. Nine ionic states with the configurations of 6s 2 , 5d6s and 6s6p were considered.
For the energy range of the Rydberg states, all the dissociation channels are closed and the level energies can be directly calculated. The calculated level energies are presented with the experimental data in Tab. II-IV for comparison. A good agreement is found within 1 cm Different from Rydberg series below the IP, AI series can be a superposition of multiple channels. The assignments of AI states in this work was made by comparing the experimental spectrum with different eigenchannel spectra in terms of energy position. The eigenchannel spectra were calculated by setting D α ′ = δ αα ′ for the eigenchannel α [45] . A example of the comparison is shown in Fig. 7 . Clearly the eigenchannel spectrum can not completely reflect the profile/position of the experimentally observed resonant peaks. For some strongly perturbed resonances this method may even fail. However it generally meets the purpose of assignment in most cases [45] . To avoid confusion, in this work only the clearly grouped AI states were assigned.
Due to channel interaction, the calculated eigenchannel spectral peaks sometimes present a Fano profile or even irregular shapes like Shore profile [46] . For the simplicity and the unification of the treatment, a maximum center was employed as a reasonable approximation by providing enough calculated data points on the peak profile. The summary of the RMCT theoretical level energies with the assigned configurations are presented in Tab. V and VI to compare with the experimental results. In some cases more than one eigenchannel spectrum is consistent with an observed AI series in terms of energy position, which implies strong configuration interaction between these eigenchannel wavefunctions and mixed components of the observed AI series. To avoid omission, all possible assignments are listed in the tables.
V. CONCLUSION
Even-parity Rydberg and AI states of Lu were studied by means of laser resonance ionization spectroscopy. Three Rydberg series nd 2 D 3/2 , nd 2 D 5/2 and ns 2 S 1/2 converging to the IP were measured by means of laser resonance ionization spectroscopy, and the spectrum was interpreted. In addition six autoionizing (AI) series converging to the core states of 5d6s 3 D 1 and 5d6s 3 D 2 were observed and reported for the first time. The assignment of measured AI series was attempted with the aid of RMCT calculations. Experimental values for both Rydberg and AI states have been compared with the RMCT calculations. For the Rydberg states the agreement is within 1 cm −1 for high n members (>22 for 6s 2 nd 2 D 3/2 ). The comparison of the experimental level energies and the RMCT calculation with assigned configurations for AI states is also presented.
